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Abstract: We report on the first ever combination of a thin film of lead
zirconate titanate (PZT) with a liquid crystal (LC) layer. Many liquid crystal
applications use a transparent conductive oxide to switch the liquid crystal.
Our proposed processing does not, instead relying on the extremely high
dielectric constant of the ferroelectric layer to extend the electric field
from widely spaced electrodes over the liquid crystal. It eliminates almost
entirely the fringe field problems that arise in nearly all the liquid crystal
devices that use multiple addressing electrodes. We show, both via rigorous
simulations as well as experiments, that the addition of a PZT layer over
the addressing electrodes leads to a markedly improved LC switching
performance at distances of up to 30 µm from the addressing electrodes with
the current PZT-layer thickness of 0.84 µm. This improvement in switching
is used to tune the focal length of the microlens with electrodes spaced at
30 µm.
© 2016 Optical Society of America
OCIS codes: (230.3720) Liquid-crystal devices; (160.2260) Ferroelectrics; (110.2760)
Gradient-index lenses.
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1. Introduction
Liquid crystals (LCs) are a unique class of materials, exhibiting properties of both liquids and
solids. In particular, their unique electro-optic properties have been used in beam-steering de-
vices, such as tunable angle deflectors and tunable lenses. The working principle is simple: by
imposing a spatially varying optical path length (OPL)-profile over the area of an LC, one can
change the propagation direction of light. Such a laterally varying OPL-profile is obtained by
applying a non-uniform electric field over a liquid crystal. Inhomogeneous fields can be ob-
tained with lenticulars [1–3] and hole-patterned arrays [4], which typically require only two
electrodes, but also with multi-electrode designs. The latter category allows for a more accu-
rate control of the phase front and can e.g. reduce spherical aberrations in liquid-crystal-based
lenses, at the cost of having a more complex driving scheme. Multi-electrode designs typically
consist of a large area common electrode on one substrate and a series of addressing elec-
trodes on the other substrate. When the potential difference between neighboring addressing
electrodes is small compared to the potential difference with the common electrode, a smooth
transition of the orientation of the liquid crystal over the electrodes is usually obtained due to the
viscoelastic interactions in the LC, provided the electrodes are sufficiently closely spaced [5].
However, in the region between two electrodes with a large potential difference, the effect
of fringe fields can be pronounced [6]. This leads to a non-ideal distribution of the director,
which is the vector representing the local volume average of the orientation of the liquid crys-
tal molecules. This non-ideal orientation leads to undesired polarization changes, as well as a
reduced beam-steering efficiency, because part of the light is directed elsewhere [6–8].
To reduce the complexity of a system having many closely spaced electrodes that need to be
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addressed individually, several researchers have proposed configurations with a limited set of
electrodes that are spaced further apart. A smooth variation of the potential difference over the
liquid crystal can still be obtained by using floating electrodes [9] or a highly resistive layer
connecting the addressing electrodes [10–12]. The resistive layer acts as a potential divider and
causes a monotonic variation of the electric potential between neighboring electrodes. How-
ever, devices based on a resistive potential divider draw considerable current. In this paper, we
demonstrate an alternative technique for realizing a gradual voltage drop, by using a layer with
a high dielectric constant, ε . Although it is known that materials with high permittivity can
be used as an alternative to resistive layers [13], to the best of our knowledge, this is the first
report on the successful integration of liquid crystals with a ferroelectric thin film. Using the
high permittivity of the ferroelectric thin film we demonstrate that a gradually varying potential
between widely spaced electrodes can be obtained. The combination of ferroelectric solid state
materials in the form of nanoparticles with liquid crystals has been an active research field in
the past few years. Inclusion of the nanoparticles led to drastic improvement of switching volt-
age [14], the electro-optic response [15] or the optical properties in the THz region [16]. We
expect that the combination of ferroelectric thin films with liquid crystal layers will lead to a
similar improvement in certain liquid crystal switching modes.
2. Liquid crystal lens with ferroelectric layer
2.1. Characteristics of the deposited ferroelectric layer
The deposition of high-quality lead zirconate titanate (PZT) films on mono-crystalline sub-
strates such as magnesium oxide or metallic layers such as platinum is well known [17]. Re-
cently our group demonstrated that highly textured PZT thin films can be deposited on glass
substrates using a cheap solution-based deposition method [18]. The process leads to a high-
quality polycrystalline layer as shown in Fig. 1(a). The deposition of PZT on a glass substrate is
a useful technique for e.g. piezoelectric sensors and actuators such as Microelectromechanical
Systems (MEMS) and piezo touchscreens with tactile feedback, as well as for liquid crystal
devices compatible with large active areas.
The relative dielectric constant εr of the PZT layer was characterized by measuring the ca-
pacitance of a 1 µm thick PZT layer sandwiched between two parallel disc-shaped Indium Tin
Oxide (ITO) electrodes, each 3.14 mm2 in area. In this configuration, it resembles a parallel
plate capacitor for which the capacitance is given by:
C = ε0εr
A
d
(1)
where A and d are the area of the electrodes and the spacing between them respectively. Because
of the finite conductivity of the ITO electrodes at high frequencies the RC effects start to play
a role, which limits the measurement of εr to frequencies below about 10 kHz. This is evident
from the graph in Fig. 1(b): starting from about 10 kHz the permittivity decreases rapidly. When
repeating the measurement using electrodes made from platinum, we observe no variation in
the dielectric constant, up to 2 MHz.
The relative dielectric constant of the deposited PZT layer is measured to be εr,‖ ≈ 550 with
low dielectric loss at 1 kHz [Fig. 1(b)], a frequency commonly used for switching liquid crystal.
The measured dielectric constant is comparable to that found in other studies where PZT was
deposited on metal foils using sol-gel processing and rf-sputtering [19–22].
2.2. Liquid crystal lens geometry
A liquid-crystal-based beam-steering device which has a radially varying optical path length
acts as a lens. We used this device to study the effects of the PZT layer. A schematic cross-
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Fig. 1. Characteristics of the PZT layer: (a) Scanning electron microscope image of a single
PZT layer imaged from the side showing the polycrystalline nature of the deposited layer. Each
single crystal grain has a diameter of ∼70 nm. (b) Measured relative dielectric constant of the
PZT-layer, sandwiched between two ITO electrodes.
sectional view of the proposed PZT-enhanced liquid-crystal-based lens is shown in Fig. 2(a).
From the bottom to the top, there is a glass substrate providing rigidity, on top of which ring-
shaped concentric electrodes are deposited by means of standard lithographic processes. As the
PZT layer is not influenced by the material of which the electrodes are made, we have made
the electrodes of a non-transparent metal rather than the relatively costly ITO. This also allows
us to study the microscope images more easily, at the expense of some unwanted diffraction. A
small wedge in the rings is sacrificed to allow each ring to be connected to an externally applied
voltage, by means of the addressing electrodes. A 10 nm thin buffer layer is deposited on the
glass substrate and the electrodes to ensure good crystal growth of the PZT, which is the next
layer in the stack and is about 0.84 µm thick. The minimally required thickness of this buffer
layer was determined experimentally [18], while the thickness of the PZT layer was chosen
as a compromise between processing time and the required amount of electric field averaging
as predicted by the simulations. On top of the PZT layer is a thin polyimide (PI) alignment
layer, which is in contact with the nematic liquid crystal. Another PI alignment layer, a single
electrode spanning the entire width of the device and another glass substrate complete the stack.
glass
ITO
PI
LC
PI
PZT
buﬀer
glass
addressing
electrodes
(a) (b)
Fig. 2. (a) Schematic of the cross-sectional buildup of the liquid crystal lens with added PZT
layer. Note that the thickness of each layer is not to scale. (b) A fabricated LC cell with PZT
layer, containing 3 microlenses.
The full area electrode, which we will refer to as the common electrode, is transparent, as
shown in Fig. 2(b), to allow the beam-steering device to be used in transmission, but it could be
a non-transparent metal if reflective beam-steering was desired. The purpose of the alignment
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layers is to impose a preferential direction to the nematic liquid crystal molecules. For these
devices, we use the rubbing alignment technique to align the director parallel to the substrate
and perpendicular to the straight sections of the addressing electrodes shown in Fig. 2(a).
3. Measurements and discussion
To evaluate the influence of PZT on the electric field distribution in the device, we fabricated
a reference device without PZT, but otherwise identical to the test device. Both the reference
device and the PZT-enhanced device are studied with a polarizing optical microscope, which
allows to evaluate the birefringence as a function of position. The color that results from white
light passing through a stack of crossed polarizers, with a uniaxial material in between and
which has its c-axis at an angle different from 0° or 90° with respect to the transmission axis
of either polarizer, is related to the optical phase retardation, which is the product of the bire-
fringence ∆n and the layer thickness t. The thickness of the liquid crystal layer in our devices
is fixed to 5.5 µm by the addition of spherical spacers in the glue binding the two glass sub-
strates together. The liquid crystal used in both devices is the nematic liquid crystal mixture E7
(Merck), which is uniaxially birefringent. The optical retardation is voltage dependent, because
the liquid crystal director tends to align with the local electric field, if ∆ε > 0. In the voltage-off
state, the director is oriented along the direction imposed by the previously mentioned align-
ment layer.
To simplify the analysis, we use quasi-monochromatic light from a series of green LEDs
(λc = 520nm,∆λFWHM = 34nm) rather than white light. For monochromatic light, transmission
through a uniaxially birefringent material between two crossed polarizers is given by:
T = sin2(2φ)sin2
(
Γ
2
)
(2)
with φ the angle between the transmission axis of either of the polarizers and the projection of
the director on the plane perpendicular to the light propagation direction, and Γ the retardation
given by: Γ = 2piλ ∆nd. Here, λ is the wavelength of light in vacuum, d is the thickness of the
birefringent material and ∆n is the birefringence. Equation 2 relates intensity differences to a
medium’s phase retardation. For a liquid crystal in vertical field switching mode, which is the
case for our devices, the retardation is a function of the tilt of the director, which is in turn a
function of the local electric field.
We took images with a digital camera mounted on top of the polarizing optical microscope
while applying a voltage between the common and the ring-shaped electrodes. The latter were
all kept at the same potential. Figure 3 shows the polarizing optical transmission microscope
images of the reference device (left) and PZT-enhanced device (right). The dark concentric lines
are the electrodes that are spaced 60 µm apart. These images were taken when a 1 kHz square
wave was applied to the device, with a potential difference of 2 V between the ring-shaped
electrodes and the common electrode. In the picture of the reference device, one can clearly
see a large intensity variation close to the electrode edges. This is due to the reorientation
of the liquid crystal director that aligns along the electric field lines. This reorientation leads
to a change in the polarization of transmitted light, which results in a change in the amount
of light that passes through the analyzer. In the PZT-enhanced device the region where the
director reorients is much wider, indicating that the PZT layer has spread the electric potential
further away from the electrodes. How far it spreads the electric field can be estimated from
the intensity variations halfway between two neighboring electrodes: for the reference device
no intensity variation is discernible there, but the PZT-enhanced lens shows a small decrease
in intensity, which is apparent from the small overlay in the lower right corner. The addition
of the PZT-layer increases the voltage drop across the LC halfway between two neighboring
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electrodes, making it larger than the threshold voltage so that the liquid crystal starts to reorient.
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Fig. 3. Microscope images of a reference device (left) and a device with electrodes covered
by 0.84 µm PZT (right), where the device is between crossed polarizers. The electrodes are
6 µm wide and spaced 60 µm apart; a 1 kHz square wave is connected to the electrodes, forming
a potential difference of 2.0 V between the circular electrodes and the common electrode. The
bottom right corner of the PZT-enhanced device shows the situation for the same lens when the
amplitude is 0.1 V.
Interesting to note is that in the reference device domain walls are apparent, which collapse
into disclination lines at higher voltages (∼7.8 V, see Visualization 1). The reason for their
appearance is the presence of strong in-plane fringe fields which tilt the LC in a direction
opposite to the one imposed by the pretilt [23], as shown by the simulation result of Fig. 4(a),
which is a visualization of the director profile along the slice indicated in Fig. 3(a). [24] No
domain walls are visible in the PZT-enhanced device [Fig. 3(b)], which demonstrates the ability
to reduce fringe fields near electrode edges.
0 30 60
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0
5.5
0
70
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(a) Simulated slice through reference device
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70
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(b) Simulated slice through enhanced device
Fig. 4. Cross-sections of the simulated director profile corresponding to the microscope images
in Fig. 3. The position of these cross-sectional slices in the microscope images is indicated by a
white dashed line. The addressing electrodes are not shown, but are located at the edges of the
slice at a height of 0 µm in the reference lens and at −0.84 µm in the enhanced device.
A study of the radial intensity profile as a function of the applied voltage of the devices
with 60 µm large inter-electrode distance was performed. The resulting imageset is available in
the form of a movie from the publisher (Visualization 1). The information contained therein
is summarized in Fig. 5: it shows the intensity profile along the rubbing direction between two
consecutive electrodes for images that were taken with differing electric potentials applied be-
tween the common and the addressing electrodes. These graphs show the LC switching upon
applying an electric field: each horizontal line corresponds to the intensity profile at a specific
voltage at which the picture was taken. This “voltage-lapse” shows that the threshold voltage
near the electrodes is hardly affected by the thin layer of PZT, but that the switching of the
director is spreading further into the inter-electrode region, compared to the reference device.
For a device with an inter-electrode distance of 30 µm, the intensity profile along the rubbing
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direction for the PZT-enhanced device was nearly uniform. Figure 5 illustrates that the abil-
ity of the PZT layer to “smear” the electric field laterally between two electrodes to obtain a
quasi-homogeneous electric field distribution over the LC layer is limited. This limitation can
be overcome by increasing the thickness of the PZT layer, by further increasing its dielectric
constant, by decreasing the permittivity of the liquid crystal or by increasing the liquid crystal
layer thickness.
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Fig. 5. The intensity profile maps, (a) and (b), show the relative transmission of the device be-
tween crossed polarizers as a function of the potential difference between the circular electrodes
and the common electrode. (a) corresponds to the reference lens, (b) to the PZT-enhanced lens.
The insets, (c) and (d), show the position along which the intensity profile is taken and the
rubbing direction (see Visualization 1 for an overview of the intensity changes along different
directions). These inset pictures reflect the situation at 5.1 V. The graph in (e) shows the inten-
sity profiles halfway between the two electrodes. The oscillations in the intensity profile when
a PZT layer is present (red dotted line) show that the liquid crystal director at 30 µm from the
electrodes reorients at much lower voltages than those that would be required had the PZT layer
not been present.
With the effect of the PZT layer on the distribution of the electric field being demonstrated,
we tested the focusing ability of the PZT-enhanced liquid crystal lens with 30 µm inter-electrode
spacing. By applying well-chosen electric potentials to the addressing electrodes, it is possible
to obtain a nearly parabolic phase profile. The lens design with eight electrodes can focus a
beam of light at different focal lengths, depending on the set of voltages applied. The strongest
focusing power can be realized by choosing the voltages in such a way that at the outer elec-
trode the liquid crystal director is fully tilted, so that light experiences the ordinary refractive
index. The voltage decreases in a non-linear way towards the electrode at the center, where a
voltage just below threshold is over the liquid crystal so that the polarized light experiences
the extraordinary refractive index. In this way, a lens with focal length of f ≈ r2/(2∆nd) is
obtained, where r is the radius of the lens, ∆n the index difference experienced by light at the
edge and the center and d the thickness of the LC layer [25]. For the lens considered in this
work, this means that the tuning range of the focal distance is from infinity (no focusing) to
3.4 cm.
We have focused an expanded laser beam (λHeNe = 632.8nm), linearly polarized along the
rubbing direction of the LC lens, based on a “strong” and a “weak” retardation profile, which
results in the beam being focused at a distance of 4.4 cm and 7.4 cm respectively. Figure 6(a)
shows a close-up of the lens taken with a 10X microscope objective when all electrodes were
grounded. The contours of the metallic electrodes are visible, and there are some intensity vari-
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ations related to inhomogeneities in the incoming beam and the imaging system. At a distance
of 4.4 cm the OFF-pattern is that of Fig. 6(b). A dark disc in the center, smaller than the actual
lens, is distinguishable; it originates from the shadows of the circular electrodes. When the ap-
propriate set of voltages is applied to the electrodes, we obtain an intense, small spot [Fig. 6(e)],
surrounded by a region that is 21 times darker and about the size of the actual lens, as shown
by the radial intensity profile in Fig. 6(d). This indicates that most of the light passing through
the lens aperture is focused to the center. Similar conclusions can be drawn from Fig. 6(c) and
Fig. 6(f), where the experiment was repeated, but with focal distance of the tunable lens equal
to 7.4 cm.
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Fig. 6. Image set of a PZT-enhanced lens with 30 µm inter-electrode spacing. These images were
taken with a 10X microscope objective in front of the camera sensor. (a) Transmission image of
the microlens illuminated by the laser when no voltages are applied. The image plane of pictures
(b), (e) and (c), (f) is 4.4 cm and 7.4 cm away from the lens electrode plane respectively. The
upper row shows the intensity distribution when no potential is applied to the lens electrodes,
whereas in the bottom row an appropriate set of voltages was applied to obtain a small, intense
focused spot. The graph (d) shows the radial intensity profile of the focused spot of subfigure
(e).
These pictures indicate that most of the light is redirected to the focal spot, which means that
there is indeed a smooth director variation between the 30 µm spaced electrodes. This gradual
variation is made possible by the presence of the PZT layer. The aberrations are due to the use of
non-transparent metallic electrodes. This could be overcome by using a transparent conductor
such as ITO.
We compare the spot profile shown in Fig. 6(e) to that of a similar-sized and diffraction-
limited lens. An ideal lens will focus a laser beam down to a spot known as the Airy disc, which
together with the lower-intensity concentric rings around it form the Airy pattern. The full width
at half maximum (FWHM) of this diffraction limited spot is given by DFWHM = 1.02λ fd with
D the diameter of this region, f the focal length of the lens and d the diameter of the focusing
lens. For an ideal lens with focal length of f = 4.4cm and a diameter of d = 557µm, this would
result in a FWHM of the Airy disc of 51 µm. The diameter in this situation is chosen to be
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equal to the largest outer diameter of the set of concentric ring-shaped electrodes of the liquid
crystal lens. In reality a small region around the electrodes still contributes towards the lensing
operation, so the chosen diameter is slightly underestimated. The FWHM of the focused spot,
shown in Fig. 6(e) is measured to be 72 µm, about 41 % larger than that of the theoretical ideal.
4. Conclusion
We have demonstrated that a 0.84 µm thick PZT layer with a high dielectric constant can be
used to induce a smoothly varying phase profile in liquid-crystal-based beam-steering devices.
Because PZT is optically transparent, it can be used to reduce the area that is covered by elec-
trodes, and avoid the use of ITO. The parameters that determine the maximum possible elec-
trode spacing are the dielectric constant of the layer, its thickness and the dielectric constant and
thickness of the liquid crystal layer on top of it. Furthermore, because PZT is a dielectric, no
additional current flows through the device, resulting in applications that consume little power,
a desirable property for e.g. handheld devices. The combination of a grid of metallic electrodes
with a PZT layer could also be used as a uniform transparent conductor, i.e. a replacement for
ITO.
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